Plasma renin activity, fluid and electrolyte balance, and hemodynamic conditions were measured in seven hypertensive patients with end-stage renal disease before and after five exchanges of peritoneal dialytic fluids which removed large amounts of water and sodium, sodium but little water, and little water and sodium, respectively. The subjects had normal plasma renin activity, severe anemia, high cardiac output, high total peripheral resistance, and elevated blood volume. Plasma renin activity rose with large losses of sodium and water but changed slightly when large amounts of sodium with little water or small amounts of sodium and water were removed. Plasma renin activity prior to dialysis did not correlate with mean arterial pressure, blood volume, cardiac index, total peripheral resistance, or serum sodium concentration. Change in plasma renin activity with dialysis correlated inversely with change in mean arterial pressure, water balance, and change in cardiac output, and directly with change in total peripheral resistance and change in serum sodium concentration. There was no correlation with change in blood volume or sodium balance.
Blood volume
Systemic arterial pressure Peritoneal dialysis Sodium balance m concentration Renal hypertension has been suggested that increased plasma renin activity may play a role in the hypertension of some of these patients.4`7 However, plasma renin activity is highly variable in patients with end-stage kidney disease whose levels may be low in association with hypertension or high in association with normal blood pressure.8-'0 Several authors have cited the beneficial effect of nephrectomy on hypertension in patients undergoing dialysis chronically,5' "but others have reported questionable results from this procedure.'2 Furthermore, the demonstration of plasma renin activity in anephric patients raises questions about the source and physiologic role of this hormone in patients with practically no excretory mass.9 13 The variability in plasma renin activity reported in patients with end-stage kidney disease could be due to fluctuating water and sodium balance and to hemodynamic alterations resulting from loss of renal homeostatic 563 37 months and had been hypertensive for 6 months to 13 years (table 1). All were given a 200-mg sodium, 2,000-mg potassium, 50-g protein diet and had endogenous creatinine clearances ranging from 0 to 2.5 ml/min and urinary volumes ranging from 0 to 1,000 ml/day; the 24-hr urinary excretion of sodium ranged from 0 to 34 mEq (mean 11 mEq) . No patient was anephric. Patients P.C., C.T., M.M., and P.R. had been treated with alpha-methyldopa, and patient R.A., with guanethidine, for at least 1 month. Each patient remained on a constant dosage schedule during the entire series of observations. Five of the patients were able to carry on normal activities as housewives or students. J.S. was unable to carry on the heavy physical activity required in his usual employment. C.T. was ambulatory but restricted in her activity by severe peripheral neuropathy. None of the patients had grade 4 Keith-Wagener-Barker retinopathy18 at the time of study; all had a lower grade of retinopathy than when first accepted into the dialysis program. All patients had varying degrees of subcutaneous edema but no other clinical signs of congestive heart failure.
All patients were studied in the fasting state, after at least 90 min of ambulation, without sedative or analgesic premedication. Under local procaine analgesia, polyethylene catheters were introduced percutaneously through an antecubital vein into the superior vena cava and through a brachial artery into the axillary artery, and a peritoneal cannula was inserted into the abdomen by the stylet-catheter (Trocath) technic.19 The abdomen was emptied of any ascitic fluid with two 2-L washings of 1.5% glucose (Peridial) solution, without equilibration time. Blood pressure, cardiac output, and blood volume were determined, and blood specimens were drawn for measurements of plasma renin activity, osmolality, sodium, potassium, creatinine, and blood sugar. Measurements made in patients prior to dialysis will be referred to as "control" measurements, and those made following dialysis as "experimental."
Dialysis was then performed, utilizing five 2-L exchanges of one of three solutions. For group 1, consisting of patients R.A., C.T., M.M., B.A., P.G., J.S., and P.R., the solution was made by adding equal parts of 7% and 1.5% glucose (Peridial) solutions. This solution had an osmolality of 495 mOsm/kg H20 with a sodium concentration of 140 mEq/L and was designed to remove large amounts of water and sodium. For group 2, consisting of patients R.A., P.C., C.T., and J.S., the solutions were made by adding suitable amounts of distiled water and 5% glucose to 1.5% glucose (Peridial) solution to produce a fluid containing 320 mOsm/kg H20 and 118 or 86 mEq/L of sodium. These solutions were designed to remove large amounts of sodium and relatively little water. Normal values for plasma renin activity in peripheral venous blood were determined on samples from seven healthy subjects who were on ad libitum sodium intake and matched in age and sex with the patients studied. Samples were drawn in the morning after 90 min of ambulation. Normal values for cardiac output were taken from data previously reported by our laboratory,24 and for blood volume from values reported by Wasserman and associates. 27 Paired t-testing and calculation of sample correlation coefficients (Pearson's r) were done according to standard statistical methods.28 Differences were compared by using the nonparametric signed rank test of Wilcoxon29 and the binomial expansion of the probability equation30 P = (a) / (a + b), where P = probability of an increase in plasma renin activity, a = increase in plasma renin activity, and b = failure of plasma renin activity to rise. The index of dispersion given for all data is one standard error.
Results

Control Values
All patients were hypertensive and had plasma renin activity which fell in the range described by our healthy subjects. Mean arterial blood pressure was 134 ± 6 mm Hg, and mean renin activity was 11.9 ± 2.7 ng/L/min (range 0 to 47.8 ng/L/min), compared to a value in seven matched controls of 22 ± 7.3 ng/L/min (range 0 to 55.5 ng/L/min). Mean cardiac index was 4.11 + 0.30 L/min/ m2, which exceeds the normal for our laboratory (3.39 ± 0.27 L/min/m2).24
The mean blood volume of 79.3 ± 2.6 ml/kg was elevated compared to a normal of 69.8 + 2.1 ml/kg.27 The mean peripheral resistance of 1907 + 232 dynes sec cm-5 was above our normal value of 1346 ± 164 dynes sec cm-5.
In patients R.A., C.T., and M.M., control values for renin activity in renal vein plasma, obtained in the group 1 studies, were 12.9, 32.4, and 55.6 ng/L/min, respectively. All of these values were greater than those for simultaneously sampled peripheral plasma.
Except for a significant positive correlation between renin and hematocrit (r =+ 0.54, P < 0.05), and significant negative correlations between cardiac index and hematocrit (r = -0.75, P < 0.05) and between cardiac index and total peripheral resistance (r = -0.86, P < 0.05), there were no demonstrable relationships among renin, mean arterial blood pressure, blood volume, cardiac index, serum sodium, hematocrit, and total peripheral resistance.
Effects of Dialysis (Tables 2 to 4) Group 1
Dialysis with the most hypertonic solutions resulted in the largest negative sodium (-267 mEq, P < 0.001) and water (-2450/ml, P < 0.001) balance and the greatest increase in renin activity of the three groups. Mean arterial blood pressure decreased from 134 to 122 mm Hg, and mean blood volume from 4677 to 4066 ml, while mean serum sodium concentration rose from 138 to 143 mEq/L, and mean heart rate from 86 to 95 beats/min. Cardiac output decreased from a mean of 6508 ml/min to 4943 ml/min, while total peripheral resistance increased from a mean of 1810 to 2274 dynes sec cm-5 in the three patients in which these were measured. There were significant changes i mean arterial pressure, blood volume, and Renin activity in renal vein plasma following dialysis was 71.0, 36.1, and 320.3 ng/L/min in patients R.A., C.T., and M.M., respectively; except for C.T., these values were higher than simultaneously sampled peripheral plasma renin activity. Group 2 Although sodium removal was similar in groups 2 and 1 (205 and 267 mEq, respectively), fluid removal was substantially less in group 2. The negative sodium balance was statistically significant (P < 0.02) whereas the negative fluid balance was not significant (P > 0.05). Dialysis with low sodium fluid resulted in a decrease in mean blood volume from 4350 ml to 3825 ml (P = 0.05) and an increase *In no case in group 1, 2, or 3 did change in blood urea nitrogen account for more than 3 Six patients underwent dialysis as subjects both in group 1 and in group 2 or 3. Of these six, five had renin activity measured after dialysis in group 1. In each of these patients the rise in renin following dialysis in group 1 exceeded the rise in renin following dialysis in group 2 or 3. The probability of this occurring by chance is less than 5%, according to the binominal expansion of the probability equation.
Correlation of Experimental Data (Table 5) Change in renin activity correlated with changes in five of seven other measurements. There was an inverse relationship with water balance, change in blood pressure, and change in cardiac output, and a direct relationship with change in serum sodium concentration and change in total peripheral resistance. Sodium Change in blood volume correlated directly with sodium balance, water balance, and change in cardiac output and inversely with change in total peripheral resistance.
Discussion
Plasma renin activity was normal in this group of patients in the presence of severe hypertension. This is similar to the findings of Tu, 8 Blaufox and associates,9 and Toussaint and Verniary10 but contrary to the findings of del Greco,5 Brown,31 Genest, 7 and their associates, whose patients had a wide variability in renin levels. The normal and only slightly variable control renin activity in our patients could be explained by their uniformly severe degree of renal insufficiency (creatinine clearance < 2.5 ml/min), or overhydration prior to dialysis. There was no demonstrable relationship between control blood volume and control renin activity to support the latter explanation.
Brown and co-workers3l and del Greco and associates5 found a negative correlation between serum sodium concentration and plasma renin concentration or activity, but we found no correlation between control serum sodium concentration and control plasma renin activity, and a positive correlation between change in serum sodium concentration and change in plasma renin activity. This latter relationship may reflect the intervening variable of a large fall in blood pressure in those patients who had a large negative water balance.
Control renin activity showed a positive correlation with hematocrit, but no correlation with calculated red cell mass. There was also no correlation with creatinine clearance or urine volume.
Severe chronic anemia in patients without renal failure is associated with increased cardiac output,32 attributed to a decrease in peripheral resistance and an increase in venous return and autonomic stimulation.3 The elevated control values for cardiac index seen in our patients and their negative correlation with the control hematocrits and peripheral resistances are in accord with these findings and suggest that these homeostatic mechanisms were operative despite pretreatment with alpha-methyldopa or guanethidine. Although hypervolemia may increase cardiac index,84 we found no statistically significant correlation between control blood volume and cardiac index. In addition no relationship was demonstrated between control blood volume and control mean arterial pressure. This is similar to the findings of Hampers and coworkers,12 and contrary to the findings of Dustan and Page.35 Circulation, Volume XL, October 1969 Plasma renin activity is thought to vary with changes in sodium concentration or sodium load at the macula densa, in sympathetic nervous activity, and in mean pressure at the renal afferent arterioles. 17 A decrease in sodium load at the macula densa may increase renin release, and a complete cessation of glomerular filtration has been shown to increase renin release in dogs. 36 The patients in group 1, who had the greatest loss of sodium and water, the greatest fall in cardiac output, and presumably, the greatest fall in glomerular filtration rate, had the greatest rise in renin activity. We were unable to estimate changes in the sodium concentration in the distal tubules in these patients, since they did not urinate during the study period. Previous determinations of their urinary sodium concentrations have shown them to be fixed in a narrow range.
Renal sympathetic nerve stimulation has been shown to increase renin release. 37 If the calculated changes in total peripheral resistance reflect changes in sympathetic vasomotor tone, the positive correlation between change in total peripheral resistance and change in renin activity might lead to the conclusion that sympathetic nervous activity was a factor in initiating renin release. It 3) . The observed increases in renin activity in the three studies in group 3 were not associated with an increase in total peripheral resistance, and there was no correlation between the control elevated total peripheral resistance and control renin activity. A reasonable hypothesis to explain the changes in renin and peripheral resistance in our patients would be that large losses of salt and water decreased cardiac output and blood pressure, which in turn stimulated physiologic servomechanisms to defend blood pressure by elevating both peripheral resistance and plasma renin activity, and that the magnitude of response of the latter was limited by a severely diminished renal mass.
It is possible that some or all of the increases in renin activity noted in these studies were not due to changes in hemodynamics or hydration. A renin inhibitor has been demonstrated in plasma of patients with uremia due to chronic glomerulonephritis.i Perhaps hypertonic peritoneal dialysis removes this inhibitor more effectively than more isotonic dialysis, since hypertonic dialysis will enhance transperitoneal protein clearance. 42 Similarly, the permeability of peritoneal membranes to a renin inhibitor may be greater than that of artificial membranes, explaining the failure of renin to rise after hemodialysis.5 Although removal of a renin inhibitor could explain the experimental increase in renin activity in group 3, where hemodynamic alterations were minimal, it would not be consistent with the lack of change in renin activity in group 2 patients.
Since globulins are removed from the blood during peritoneal dialysis, it is possible that renin substrate (an a2 globulin) was also removed during our studies. The rate of protein removal in peritoneal dialysis is directly proportional to the osmolality of the dialysis solution.42 Therefore, if a critical amount of renin substrate were removed in group 1 one might expect a smaller increase in plasma activity than that obtained with less hypertonic solution. However, group 1, which was dialyzed with the most hypertonic solutions, showed the greatest rise in renin activity.
The rise in plasma renin activity in group 1 could be the result of increased concentration of either renin or its substrate due to dehydration. The order of magnitude of the renin rise, however, was out of proportion to the change in blood volume and osmolality, and the renin activity increased in group 3 despite an increase in blood volume and a decrease in osmolality.
Renin has been found in the plasma of anephric female patients and probably originates in the uterus.'3 Although renin has been found in the plasma of anephric male patients,9 it was present in low concentration and the possibility that blood transfusions were the source of the hormone was not eliminated. In our studies the largest increases in renin activity were noted in the female patients. In five of six instances in which it was measured, plasma renin activity from the right renal vein was greater than simultaneously sampled peripheral plasma renin activity. Moreover, in the rabbit, uterine renin is not responsive to changes in sodium balance.43
If control of hypertension in these patients depends on reduction of peripheral resistance by dialysis, none of the dialysis solutions employed here was successful. However, the acute nature of these studies does not allow us to predict the long-term effect of varying the osmolality and sodium concentration of peritoneal dialysis solutions. It is conceivable that a renin rebound following dehydration with 30 to 40 peritoneal exchanges plays a sustaining role in hypertension between peritoneal dialyses. It has been observed that hypertension is easier to control when peritoneal dialysis solutions have sodium concentrations less than that of plasma,44 45 and preliminary reports indicate that plasma renin activity does not rise after hemodialysis,5 when bath sodium concentrations are lower than those of commercially available peritoneal dialysis solutions (hypertension has become easier to control in many of the patients in the present study after they were placed on long-term hemodialysis). The failure of renin to rise in our group 2 patients suggests a mechanism by which low sodium dialytic solutions are relatively more effective than hyperosmolar solutions in controlling the hypertension of patients on peritoneal dialysis.
Our findings demonstrate that hypertension in these patients with end-stage kidney disease is not associated with high levels of plasma renin activity; that plasma renin activity can be increased by peritoneal dialysis when this procedure induces sufficient salt and water depletion; and that factors known to increase plasma renin activity in normal subjects are also effective in patients with end-stage kidney disease.
